Although genomic technologies have advanced the characterization of gene regulatory networks downstream of transcription factors, the identification of pathways upstream of these transcription factors has been more challenging. In this study we present a gene signature-based approach for connecting signaling pathways to transcription factors, as exemplified by p73. We generated a p73 gene signature by integrating whole-genome chromatin immunoprecipitation and expression profiling. The p73 signature was linked to corresponding signatures produced by drug candidates, using the in silico Connectivity Map resource, to identify drugs that would induce p73 activity. Of the pharmaceutical agents identified, there was enrichment for direct or indirect inhibitors of mammalian Target of Rapamycin (mTOR) signaling. Treatment of both primary cells and cancer cell lines with rapamycin, metformin, and pyrvinium resulted in an increase in p73 levels, as did RNA interference-mediated knockdown of mTOR. Further, a subset of genes associated with insulin response or autophagy exhibited mTOR-mediated, p73-dependent expression. Thus, downstream gene signatures can be used to identify upstream regulators of transcription factor activity, and in doing so, we identified a new link between mTOR, p73, and p73-regulated genes associated with autophagy and metabolic pathways.
Mammalian transcription factors can bind to and regulate thousands of sites throughout the genome (19, 104, 106) . The sheer complexities of these gene regulatory networks make conventional methods an unsuitable choice for comprehensive analysis. The advent of genomic technologies, in particular DNA microarray profiling and chromatin immunoprecipitation (ChIP) coupled with high-throughput sequencing (ChIPSeq) or ChIP-on-Chip, has led to the identification of target genes and transcriptional networks on a genome-wide scale (42, 57) . These techniques have been used to characterize the gene regulatory networks of a growing number of transcription factors (42) .
The integral role of p53 in tumor suppression has prompted many laboratories to perform extensive analyses of signaling pathways downstream of the p53 family of sequence-specific DNA binding transcription factors (p53 and its homologs p63 and p73). It is estimated that p53 has 1,600 binding sites in the human genome, only 22% of which are near promoters (19, 104) . A more recent study has identified ϳ5,800 binding sites for p63 (106) . By using integrative genomic tools, hundreds of novel target genes have been identified for all three family members (37, 44, 77, 100, 104, 106) . Similar analyses with many transcription factors have led to an explosion of genomic binding site and target gene expression data (42) . These data sets hold great potential for much more than the characterization of downstream pathways; in particular we predict that they can be used to define the signaling pathways that reside upstream of transcription factors of interest.
Despite the ability of p73 to regulate many p53 family target genes, little is known about the specific pathways that modulate p73 during development, tumorigenesis, and tumor therapy (67) . Unlike p53, which is mutated in more than 50% of human cancers, p73 is not mutated during tumorigenesis but instead can be overexpressed (16, 28, 29, 110, 111) . There has been much interest in modulating p73, due to its high expression level in p53-deficient tumors and its ability to activate p53 target genes, leading to apoptosis of tumor cells (2, 9, 22, 36, 59, 68) . Given the above, drug-inducible pathways upstream of p73 are of therapeutic interest.
We used gene expression signatures downstream of p73 to identify novel upstream regulators. A p73 gene signature was created using a combination of genomic tools and was queried against a database of drug-related profiles known as the Connectivity Map (48, 61, 105) . Pattern-matching software (61) was used to identify potential p73-activating drugs. A link between p73 and mammalian Target of Rapamycin (mTOR), a kinase important in energy homeostasis and tumorigenesis, was identified and validated, demonstrating the utility of this approach to identify critical signaling nodes upstream of transcription factors.
MATERIALS AND METHODS
Cell culture and treatment. The rhabdomyosarcoma cell line Rh30 was provided by P. Houghton (St. Jude Children's Research Hospital) and cultured in RPMI medium 1640 (Invitrogen, Carlsbad, CA). Human mammary epithelial cells (HMECs) were isolated and cultured as described previously (44, 78) . MDA-MB-231 cells (American Type Culture Collection [ATCC], Manassas, VA) were cultured in McCoy's 5A medium (Invitrogen); MDA-MB-468 cells (ATCC) were cultured in 1:1 McCoy's 5A-Dulbecco's modified Eagle medium (Invitrogen); and 293T cells (ATCC), H1299 cells (ATCC), and HaCat cells (kindly provided by P. Boukamp, Deutsches Krebsforschungszentrum, Heidelberg, Germany) were cultured as previously described (7, 11) .
RESULTS
Generation of transcription factor gene signatures for use in identifying upstream signaling pathways. With an overall goal of developing a gene signature-based approach for connecting signaling pathways to transcription factors, we first sought to identify known pharmaceutical activators of transcription factor signaling by using publicly available expression profile data sets and the Connectivity Map resource. Our ultimate goal was to use this strategy to identify novel upstream regulators of p73. However, we thought it prudent to use well-defined transcription factors with known upstream signaling pathways to confirm that such pathways can be identified using the Connectivity Map within reasonable parameters. As a starting point for feasibility testing, we analyzed two publicly available expression profile data sets. In the first analysis, we made use of a list of genes up-or downregulated by zinc-inducible p53 (115) . In the second, we generated a gene list from raw microarray data generated from NIH 3T3 cells in which peroxisome proliferator-activated receptor gamma (PPAR␥) had been overexpressed (1) . The lists of genes both induced and repressed by these transcription factors were queried against the Connectivity Map resource (61) . In brief, this resource consists of pattern-matching software that compares an input gene signature to a database of signatures from 164 smallmolecule bioactive compounds (dubbed perturbagens), 85 of which are classified as pharmaceutical drugs. A connectivity score from ϩ1 to Ϫ1 is assigned based on the degree of similarity or dissimilarity between the two signatures (61). Thus, a drug with a high connectivity score has a gene signature very similar to the query signature and might be hypothesized to act on a pathway in parallel with the transcription factor that generated the query signature. This score allows the user to choose perturbagens irrespective of P value, which is of particular relevance because perturbagens are profiled at different doses, in different cell lines, or for a different number of experimental replicates (61) . Both the average connectivity score and the maximum connectivity score (from the best instance of treatment, dose, and cell line) are informative; for example, some cell lines might not express the target of interest, and some doses might not be effective, bringing down the average.
In this manner we evaluated the gene signatures of p53 and PPAR␥ that we had created to test the feasibility of our approach. Many of the well-studied chemical agents that activate p53 are not included in the Connectivity Map. Nevertheless, when we analyzed the p53 gene signature, two known activators of p53 were identified: nocodazole, a microtubule inhibitor (23) , and tioguanine, a chemotherapy drug known to induce p53-mediated autophagy (95, 113) . These agents were ranked 6th and 18th, respectively, out of all 85 pharmaceutical perturbagens by average connectivity score (data not shown).
Analysis of the PPAR␥ signature resulted in the identification of the PPAR␥ activator troglitazone, used to treat diabetes mellitus type 2. Troglitazone was ranked 22nd out of 85 compounds (data not shown). Given these results, we considered the 30 highest-ranking perturbagens to be of likely relevance in terms of modulating a transcription factor of interest.
Having ascertained the feasibility of the in silico arm of our approach, we sought to identify novel signaling upstream of the VOL. 28, 2008 mTOR AS A REGULATOR OF p73 5953 transcription factor p73. To establish a collection of p73-regulated genes, Affymetrix GeneChips were used to quantify transcript levels after ectopic p73 expression in the H1299 lung carcinoma cell line. This cell line does not have readily detectable expression of any of the p53 family members (65), making it ideal for an analysis of p73 without the confounding effect of its homologs. Since p73 can be expressed as multiple isoforms, we ectopically expressed an isoform designated TAp73␤ that is capable of strong transactivation (24) . p73 transcriptional activity was evidenced by induction of known target genes p21 and mdm2 (Fig. 1A to C), and 11 out of the top 20 regulated genes as shown by microarray are known p53 family targets (Table 1) . In order to discriminate between direct and indirect regulation by p73, we also performed whole-genome ChIP to identify sequences to which p73 is bound (ChIPSeq), using formaldehyde-cross-linked samples that were replicates of those used for our microarray experiment. Over 4,000 p73-bound DNA sequences were isolated, sequenced, and mapped to the mammalian genome using GenPathway FactorPath Discovery technology. Tags that mapped within 10 kb of genes were considered for further analysis. Overlay of our microarray data set (562 genes that increased or decreased twofold with p73 overexpression) with our whole-genome ChIP data set (2,298 genes) gave a more refined list of candidate p73 target genes (121 genes) (Fig. 1D) . In order to validate our technique for identifying novel p73 target genes, we performed semiquantitative ChIP using a different p73 antibody from that in the original ChIPSeq data set to immunoprecipitate DNA-protein complexes. p73 bound to the promoter elements of both p21 and mdm2 (Fig. 1E ). Binding levels did not correlate with expression levels for these two genes (Fig. 1B) , suggesting that other transcriptional modulators (e.g., transcription factors or cofactors) regulate gene expression in this system, similarly to what has been reported previously (106) . We chose 15 additional genes that were present in both the microarray and the ChIPSeq data sets and were able to validate the idea that p73 bound promoter or intronic regions in all 15 genes ( Perturbagens identified through the Connectivity Map increase p73 levels. Multiple tiers of information were used to create a rank-ordered list of target genes for further analysis, including (i) presence in microarray data set, (ii) change in expression level with p73 overexpression, (iii) presence in ChIP data set, (iv) presence of a cluster of ChIP tags at gene locus, (v) number of tags per cluster, (vi) cluster length, and (vii) functional annotation by a variety of methods that are described in greater detail below. The microarray data set was used to query the Connectivity Map because it contains a large number of genes analyzed in the proper format. However, we later used all tiers of information to choose target genes for follow-up analysis. To begin our analysis, genes whose transcript levels increased or decreased twofold after ectopic p73 expression were analyzed using the Connectivity Map. Because we were ultimately interested in connecting p73 to pathways rather than just drugs per se, we focused on the "pharmaceutical" subset of 85 perturbagens, which we found to be better affiliated with known molecular targets and signaling pathways. Five of the top 30 perturbagens predicted to induce p73 activity were either direct or indirect inhibitors of mTOR signaling (Table  2 ). This includes sirolimus (known as rapamycin), a drug that binds to FKBP12 to form a complex that inhibits mTOR (40) , as well as metformin, a drug widely used to treat diabetes mellitus type 2 that has been shown to activate AMP kinase and inhibit mTOR in cell culture (112) . We also identified phenformin, a drug that is in the same class as metformin but is no longer used therapeutically; pyrvinium, an inhibitor of the Akt kinase that is an upstream activator of mTOR (32) ; and dexamethasone, known to inhibit mTOR in muscle cells (103) .
Annotation of genes in the p73 signature by ontology (function) and pathway analyses generated additional evidence supporting a connection between mTOR and p73. Enrichment of functional categories in the p73 signature was determined by comparing the observed number of genes in that category to the number of genes expected by chance based on sample size (see Materials and Methods). Known p73 functions were enriched in our data sets, including regulation of the cell cycle and cell death ( Fig. 2A) . Interestingly, the p73 signature also showed enrichment for novel functions such as cellular metabolism (Fig. 2B) . The Kyoto Encyclopedia of Genes and Genomes (KEGG), a compendium of genes annotated and organized by signaling pathway (75) , was used to annotate p73-regulated genes by pathway. Both the mTOR pathway and the insulin signaling pathway (a canonical pathway upstream of mTOR [5] ) were enriched in the p73 signature (Fig. 2C) . Taken together, the data from the Connectivity Map and gene annotation analyses led us to hypothesize that mTOR is an upstream regulator of p73.
To validate p73 modulation by the mTOR inhibitors identified through the Connectivity Map, we focused on two drugs that are widely used therapeutically, rapamycin and metformin. MDA-MB-231 cells were treated with these drugs, and mTOR inhibition was confirmed using phospho-4EBP1 as a marker of mTOR activity. Both agents caused an elevation in (Fig. 3A) . (Unless otherwise noted, p73 refers to the TAp73␤ isoform throughout.) To determine if the observed effects of these drugs on p73 levels were specific to breast cancer cell lines such as MDA-MB-231, we also treated the rhabdomyosarcoma cell line Rh30 with rapamycin and metformin using phospho-S6 as a marker of drug activity. Unlike MDA-MB-231 cells that express one predominant p73 isoform (TAp73␤), Rh30 cells express high levels of two p73 isoforms, TAp73␣ and TAp73␤, that differ only in the presence or absence of a C-terminal sterile alpha motif of unknown function (26) . Only the TAp73␤ isoform is elevated after treatment with rapamycin and metformin in Rh30 cells (Fig. 3B) . Pyrvinium pyruvate inhibits mTOR through the upstream kinase Akt (32) . In a breast cancer cell line expressing high levels of Akt (MDA-MB-468) (109), we also observed an increase in p73 protein levels 12 h after treatment with pyrvinium (Fig.  3C) . Thus, drugs that inhibit mTOR by multiple mechanisms were found to elevate p73 levels. Serum starvation is a model for energy depletion in cell culture and leads to changes in mTOR signaling (98) and to differences in the effects of rapamycin on MDA-MB-231 cells (38) . When rapamycin was added to MDA-MB-231 cells in medium lacking serum, the elevation of p73 was synergistically enhanced at later time points (Fig. 3D) . The observed changes in p73 protein in MDA-MB-231 and Rh30 cells were not due to parallel changes in p73 RNA levels ( Fig. 4A and B) . In addition, because mutant p53 is a known regulator of p73 through physical interaction (56), we assessed both mutant p53 levels and the potential of mutant p53 to coassociate with p73 in both cell lines. The levels of mutant p53 protein did not change in response to rapamycin, nor was there detectable coassociation between p73 and mutant p53 as assessed by coimmunoprecipitation analysis (data not shown).
To determine if the rapamycin-induced elevation of p73 was an indirect consequence of rapamycin-induced cell cycle arrest (45), we treated MDA-MB-231 and Rh30 cells with the cell cycle inhibitors hydroxyurea and mimosine. Cells were treated with the inhibitors for 24 h to achieve a G 1 /S-phase arrest; however, TAp73␤ levels remained constant (Fig. 5) . These data show that p73 levels are responsive to cellular energy status but not general cell cycle arrest.
MDA-MB-231 and Rh30 cells do not express detectable levels of p63 by Western blot assay (data not shown), and in both cases p53 is known to be mutant (51, 84) . In contrast, experiments within the Connectivity Map were often performed in cell lines that express multiple family members. Because both p53 and p63 can regulate overlapping sets of target genes with p73 (26), we addressed the possibility that rapamycin-induced changes in gene expression are due to modulation of p53 and/or p63. To assess the effect of rapamycin on protein levels of all three family members, we used nontransformed HMECs that express p53, p63, and p73. Only p73 increased in response to rapamycin in HMECs; p53 and p63 levels both decreased slightly (Fig. 6) . We tested additional cell lines that express functional p53 or p63 (UM-SCC-012, UM-SCC-6, UM-SCC-17b, and MCF-7); in no case did we observe an increase in p53 or p63 (data not shown).
mTOR regulates p73 signaling. To determine if the modulation of p73 by rapamycin was mTOR dependent and to control for any off-target effects induced by rapamycin and metformin, we inhibited mTOR using a nonpharmaceutical approach. MDA-MB-231 cells were infected for 3 days with lentivirus expressing shRNA that targets mTOR. Expression of the shRNA resulted in a significant decrement in mTOR protein levels and activity and a concomitant increase in p73 protein levels (Fig. 7A) .
Since a signature of p73-regulated genes was the initial query that identified a link to mTOR, we hypothesized that several of these genes should be regulated by mTOR in a p73-dependent manner. To test our hypothesis, MDA-MB-231 cells were infected with lentiviral shRNA targeting p73 (Fig.  7B) . RNA was harvested from these cells after treatment with rapamycin in the presence or absence of serum in the medium. The target genes selected for further analysis were genes in the p73 signature with mTOR-related gene ontologies (e.g., involvement in insulin signaling), as well as genes with general metabolic functions if they exhibited a significant change after p73 expression and if one or more ChIP tags mapped to the . MDA-MB-231 cells were transduced with lentivirus engineered to express shRNA against the FRAP1 subunit of mTOR or with control lentivirus. Protein lysates were harvested 3 days after transduction, and mTOR, p73, p4EBP1, and actin were analyzed by Western blotting to demonstrate knockdown of mTOR levels and activity and induction of p73 levels. Western blots are representative of at least three independent experiments. (B) MDA-MB-231 cells were transduced with lentivirus engineered to express shRNA against GFP or p73. Protein lysates were harvested 5 days after transduction, and reduction of p73 levels was confirmed by Western blotting. (C) p73 activity is induced in MDA-MB-231 cells treated with 20 nM rapamycin, with or without concurrent serum starvation, and the result was verified using p73 RNAi. Cells were serum starved by preincubation in serum-free medium overnight before treatment with rapamycin. p73 RNAi was performed by transducing cells with lentivirus engineered to express shRNA against either GFP or p73 72 h before treatment. Total RNA was purified 48 h after treatment and reverse transcribed, and quantitative real-time PCR was performed with primers for the indicated genes. The samples were normalized to GAPDH, and the results are presented as increase over vehicle control values 5958 ROSENBLUTH ET AL. MOL. CELL. BIOL.
on July 14, 2015 by guest http://mcb.asm.org/ gene locus. All of the target genes that were selected are shown in Fig. 7C . We found that 12 out of the 17 candidate target genes identified using our ad hoc selection method exhibited an increase in expression after treatment with rapamycin that was abrogated by depletion of p73 (Fig. 7C) .
Three target genes further demonstrate our selection methods. The insulin receptor (INSR) was identified by both microarray analysis and ChIP and was selected based on known cellular function. Similarly, tuberous sclerosis 1 (TSC1) was identified by ChIP and is a known component of the mTOR signaling pathway (34) . Finally, xanthine dehydrogenase (XDH) is an example of a target gene chosen both for its ontology and for its presence as a cluster of tags in the ChIPSeq data set (data not shown). XDH regulates cellular metabolism and cellular response to reactive oxidative stress (3), a process that can by regulated by mTOR during hypoxia (27) .
XDH, TSC1, and INSR are three examples of a larger subset of genes whose regulation by mTOR is p73 dependent at the transcriptional level. An increase in all three genes after treatment with rapamycin in the absence of serum is abrogated by p73 knockdown, as depicted in Fig. 7C and in greater detail in Fig. 7D . In addition, semiquantitative ChIP in Rh30 cells revealed an increase in p73 binding to promoter or intronic sequences in all three genes in response to rapamycin (Fig.  7E) . These genes, which were selected using multiple criteria, thus serve as readout of an mTOR-p73 signaling axis.
Also consistent with mTOR being an upstream modifier of p73 signaling, knockdown of p73 prevented a decrease in cell growth rate in MDA-MB-231 cells after treatment with rapamycin (Fig. 7F) . These data suggest that cellular processes affecting growth rate are modulated by mTOR and p73.
To assess more-specific functions of p73 that might be regulated by mTOR, we focused on autophagy, a form of degradative cell death in response to energy starvation recently shown to be induced by p73 (21) . Because our gene signature was generated using the TAp73␤ isoform and only TAp73␤ is induced by rapamycin, we tested the effect of selective knockdown of this isoform on autophagy by using two different RNA interference (RNAi) constructs targeting either the N-terminal TA domain or the C-terminal ␤ domain. In both cases, knockdown abrogated baseline autophagy as measured by detection of the cleaved forms of MAP1LC3 (LC-I and LC-II) by Western blotting (Fig. 8A) . MAP1LC3-II is the only protein known to be associated with the completed autophagolysosome and is considered a marker of autophagy (83) .
We next sought to identify downstream factors that might mediate this effect on autophagy. p73-regulated genes were analyzed using publicly available data sets in which biological states involving mTOR modulation, such as nutrient deprivation and autophagy, were profiled using DNA microarrays (15, 25) . Several known p73 target genes showed increased expression in response to starvation and/or starvation-induced autophagy ( Fig. 8B and C, orange font) . Two unknown genes in the p73 gene signature, Kelch-like 24 (KLHL24) and LOC153222, clustered with the known and functionally better-annotated target genes that were increased in these biological states (Fig.  8B and C, blue font) . Both KLHL24 and LOC153222 RNA levels increased in MDA-MB-231 cells treated with rapamycin (Fig. 8D) . For both genes, this increase was p73 dependent (Fig. 8D) . Thus, our approach resulted in the identification of new p73-regulated genes associated with autophagy and metabolism. A gene signature of p73 target genes, when queried using the Connectivity Map, allowed us to identify mTOR as a key signaling pathway upstream of p73.
DISCUSSION
Through whole-genome ChIP coupled with gene expression profiling, we have created a p73 gene signature that contains multiple tiers of expression and genome location information. This signature was used to identify a novel connection between p73 and the upstream kinase mTOR. Further, select genes from the p73 signature exhibited mTOR-mediated, p73-dependent regulation. Our approach, using a downstream signature to identify upstream regulators, is based on straightforward cell culture methods and should be widely applicable to the study of many transcription factors.
Determinants of our approach include overexpression of the protein of interest in a cell line that does not express high levels of the protein. This should be easily applied to transcription factors that are not essential for cell cycle progression or proliferation. In addition, we predict that modifications of our approach such as using a knockdown instead of an overexpression technique would be successful. One of the striking findings from the completion of the Connectivity Map was the extent to which connections could be made across different cell lines and tissues (60, 61) . Likewise, we did not encounter any problems due to the cell lines that we chose for analysis, although this might be a significant issue for a modified knockdown approach. In our study, p73 was regulated by mTOR inhibitors in primary cells as well as multiple cancer cell lines.
The link between mTOR and p73 sheds new light on p73 biology, further demonstrating that p73 can be regulated by upstream pathways outside of canonical p53 signaling (55, 58, 64, 85, 96, 97, 102) . For example, it has been shown that Akt can regulate p73 and p73-dependent apoptosis (2, 8) . It would be intriguing to determine the role of mTOR (and additional members of the mTOR signaling pathway such as Akt) in canonical p53 family functions such as apoptosis and cell cycle for an average of three experiments. Samples that exhibited a 30% or greater increase relative to control are indicated in red. Twelve of 17 genes exhibited a p73-dependent increase in RNA levels after rapamycin treatment and serum starvation. (A) p73␤ knockdown decreases levels of autophagy markers. MDA-MB-231 cells were transduced with lentivirus engineered to express shRNA against TAp73 isoforms or against p73␤ isoforms. Protein lysates were prepared, and p73, actin, and the autophagy markers LC3-I and LC3-II were detected by Western blotting. (B and C) Genes from the p73 signature were assessed using publicly available data sets in which T98G glioblastoma cells were grown asynchronously or serum starved for 3 days before RNA harvest and microarray analysis (15) (B) or in which Awells B-lymphoblastoid cells were serum starved for 6 h or 24 h, inducing autophagy (25) (C). Known p53, p63, and/or p73 target genes indicated in orange are DDIT4 (31), DDB2 (53), DFNA5 (66), CDKN1C (10), GADD45A (49), JAG1 (88) , and SESN2 (13) . Cell lines are arranged in columns, grouped by treatment as indicated. Genes (annotated from Affymetrix probes) are in rows that are ordered based on hierarchical clustering results (data not shown). Color range shown indicates baseline transformed expression level on a log scale. Genes that are upregulated during autophagy or serum starvation that were selected for additional analysis are in blue. (D) Changes in RNA as in Fig. 4 for KLHL24 and LOC153222 indicate increases in RNA levels after rapamycin treatment in a p73-dependent manner in MDA-MB-231 cells. (8) , this mechanism may function in parallel with mTOR to affect p73-dependent transcriptional regulation.
Other functions downstream of mTOR may also be mediated by p73. Recent studies show that metformin induces apoptosis specifically in p53-null tumor cells (14) . Given our results showing that metformin can increase p73 levels, additional studies are ongoing to test the role of p73 in metformin-induced apoptosis and tumor toxicity, in the presence or absence of p53.
It is the isoform TAp73␤ that is induced by rapamycin and metformin, with apparent coordinate downregulation of TAp73␣ (Fig. 3B and 4B ). Few proteins that differentially modify the alpha versus beta isoforms of p73 have been identified (50, 72) . We identified a putative E3 ubiquitin ligase in our data sets, TRIM32. The RNA levels of TRIM32 increase 142% upon serum-free treatment with rapamycin ( Fig. 7C and data not shown). The increase is decreased to 37% after treatment with concomitant p73 RNAi-mediated knockdown ( Fig.  7C and data not shown). Perhaps TRIM32 or another regulatory protein differentially modifies TAp73␣ and TAp73␤ isoforms in response to signaling from the mTOR pathway.
We demonstrated that endogenous regulation of caspaseindependent cell death, known as autophagy, is a specific function of the TAp73␤ isoform (Fig. 8A) . Although the mechanism that links p73 to autophagy is unknown (21) , the p73 signature presented in this work contains candidate target genes, including unknown factors such as KLHL24 and LOC153222, that are increased in autophagy by microarray profiling (Fig. 8 ). KLHL24 contains a BTB/POZ domain that can function in transcriptional repression, and LOC153222 contains a basic leucine zipper domain suggesting transcription factor activity (4). These factors may regulate a transcriptional program inhibited by mTOR but induced by p73 during autophagy.
Our study suggests a larger role for mTOR in regulating the p53 family as a whole. Recent studies have placed p53 upstream of mTOR through regulation of PTEN, TSC1, and IGFBP3 (33) , as well as downstream of mTOR in vivo in hamartomas (62) . In general the mTOR signaling pathway integrates multiple inputs and can involve alteration of and feedback regulation by Akt and the mTORC2 complex (86, 87, 91, 101) . It would be interesting to determine the signaling mechanisms by which p73 connects the p53 family to this pathway. Our data suggest that p73 is regulated by mTOR at the posttranscriptional level, either by altering protein stability or by other mechanisms. For example, recent studies suggest that p53 family transcripts may have internal ribosomal entry sites that would allow for cap-independent translation (80, 89, 107) . Cap-independent translation may play a role in mTOR regulation of the p53 family.
As has been suggested by Golub, Lamb, and colleagues, our study demonstrates the potential impact of an expanded Connectivity Map as a community-wide resource that would include many more drugs and perturbagens than were included in the first build (60, 61) . Here we show utility for linking the pathways represented by the Connectivity Map to the study of transcription factors in particular, but the power of this approach is dependent on the number of drugs and drug-inducible pathways that are testable through this resource. In our study we chose to assess the top 30 compounds predicted to induce a p73 gene signature. This was based on our pilot study using transcription factors with known activators. In contrast, few compounds were identified that would be predicted to repress p73 (i.e., compounds with a negative connectivity score), and we did not do a formal analysis of these drugs. However, one compound with a negative connectivity score was estradiol (data not shown), a known activator of the mTOR pathway (108) . Preliminary data suggest that estradiol can decrease p73 levels (data not shown). Therefore, we predict that using our approach to identify compounds that inhibit transcription factors could also elucidate signaling connections. An expanded Connectivity Map that included more drugs that impact the same pathway at multiple levels would allow for more rigorous statistical testing and thus increase an investigator's ability to look for enrichment of pathways and agents among the top hits.
Already, genomic technologies have created a wealth of information downstream of transcription factors. We propose that this information can be used not only to characterize downstream signaling pathways but also to map upstream drug-inducible pathways. Using a genomic-based screening procedure and cell culture-based validation techniques, we identified a novel link between p73 and mTOR, an important kinase in energy homeostasis and tumorigenesis. Because p73 isoforms are overexpressed in many tumors, they may provide effective targets for cancer treatment (9) . Recent studies suggest that p73 may be present in an inactive form in select head and neck squamous cell carcinomas and breast tumors and that activation of p73 would lead to tumor cell apoptosis (28, 63, 81) . Thus, our results have implications for ongoing and future clinical trials examining the efficacy of mTOR inhibitors in tumors expressing p73.
